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SUMMARY 

The diagram of Venus' b a c k s c a t t e r i n g  i n  t h e  wavelength of 40 cm is  d e t e r -  
mined by two methods: by Doppler spectrum and by t h e  range  of energy d i s t r i b u -  
t i o n  of  r e f l e c t e d  s i g n a l s .  Within t h e  l i m i t s  o f  p r e c i s i o n  l i n k e d  w i t h  t h e  li- 
mi ted  r e s o l u t i o n  of t h e  i n i t i a l  spectrum, bo th  methods gave i d e n t i c a l  r e s u l t s .  

The Doppler spectrum and t h e  range  d i s t r i b u t i o n  of s i g n a l s  r e f l e c t e d  by 
Venus are i n  good agreement w i t h  the  t h e o r e t i c a l  dependences computed i n  t h e  
assumpt ion  t h a t  t h e  bu lk  of radiowave energy  is s p e c u l a r l y  r e f l e c t e d ,  and t h a t  
t h e  s p a t i a l  a l t i t u d e  c o r r e l a t i o n  on t h e  s u r f a c e  of Venus is  d e f i n e d  by a n  expo- 
n e n t i a l  f u n c t i o n .  The Gauss  f u n c t i o n  g i v e s  no co inc idence .  

A c e r t a i n  p a r t  of energy i s  d i f f u s i v e l y  s c a t t e r e d  by e lements  of  t h e  s u r f a -  
c e ,  whose dimensions are commensurate w i t h  t h e  wavelength.  The smoothness 
f a c t o r  of t h e  d i f f u s i v e l y  s c a t t e r i n g  s u r f a c e  is  comprised between 0 and 1. 

* 
* *  

1. INTRODUCTION. The radiowaves,  r e f l e c t e d  by s e p a r a t e  p o r t i o n s  of t h e  
sky, have a d i f f e r e n t  t i m e  l a g  of a r r iva l  and a d i f f e r e n t  Doppler f requency  
s h i f t .  
Knwoing t h e  d i s t a n c e  t o  a s p e c i f i c  p o r t i o n  of  t h e  s u r f a c e  o r  i ts  r a d i a l  v e l o c i t y  
r e l a t i v e  t o  l o c a t o r ,  i t  i s  p o s s i b l e  t o  s e p a r a t e  t h e  s i g n a l s  r e f l e c t e d  by t h a t  
area and de termine  t h e  energy d e n s i t y  of t h e  waves cor responding  t o  them. By 
t h e  combinat ion of measurements conducted f o r  v a r i o u s  p o r t i o n s  o f  s u r f a c e  i t  is  
p o s s i b l e  t o  f i n d  t h e  p l a n e t ' s  b a c k s c a t t e r i n g  diagram. Th i s  f u n c t i o n  e s t a b l i s h e s  
a depe  de c e  of energy d e n s i t y  of waves r e f l e c t e d  i n  t h e  d i r e c t i o n  of t h e  loca-  
tor  by a c e r t a i n  p o r t i o n  of t h e  s u r f a c e  on t h e  a n g l e  of i n c i d e n c e ,  o r ,  which is  
t h e  same, on t h e  a n g l e  of r e f l e c t i o n .  

Th i s  phenomenon is  used a t  r a d a r  i n v e s t i g a t i o n  of  p l a n e t  s u r f a c e .  

For Venus, which i s  a p l a n e t  w i t h  ve ry  slow r o t a t i o n ,  t h e  d i f f e r e n c e  of 
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radial. velocities is very small. As in the case of the Moon, this results in 
only in insignificant widening of the the spectral line of reflected waves. 
This is one of the causes inducing most of researchers to determine Venus’ back- 
scattering diagram from observations of energy distribution of reflected waves 
by range, where the required resolution is more easily ensured. 
observations of Venus in 1964 in the 40 cm wavelength [I, 21, such precision was 
obtained during time lag and Doppler spectrum of reflected signal measurements 
that it became possible to compare among themselves the results of determination 
of Venus’ backscattering diagram obtained at 40 cm by two different methods. 

During radar 

2. Approximation of the Backscattering Diagram. The results of radar 
investigations of Venus (see, for example, [ 3 ] )  point to the fact that the basic 
backscattering toward locator is given by the regions of the planet situated 
near the center of the visible disk, which is a phenomenon characteristic of 
specular reflection. The polarization of the bulk of energy of radiowaves ref- 
lected by Venus also corresponds to specular reflection. Depolarization at 40 
cm involves less than ten percent (10%) of the whole returning energy [4]. 
It may be assumed that specular reflection is conditioned by surface elements, the 
dimension and curvature radius of which are much greater than the wavelength. 
These elements yield an intense backscattering when they occupy relative to the 
ray a perpendicular position. 

A largenumberof works (see reviews [5 ,  61) have been devoted to the theo- 
retical investigation of the backscattering diagram of the Moon and planets in 
the case when some characteristic dimension of roughnesses or surface inequali- 
ties is much greater than the wavelength. In such investigations the statistical 
properties of the surface are often described with the aid of spatial autocorre- 
lation function p ( l )  
surface, the altitude distribution being assumed to be normal. Considered were 
autocorrelation functions of two forms: 

and of standard altitude deflection rlh relative to average 

- the exponential 

- and the Gaussian 
p ( ~ )  = exp (-111 / l o )  

p(1) = exp (-Z2/Zo2), 

where 10 is the characteristic dimension indicating at what distance the corre- 
lation decreases times. In investigations of reflection characteristics of 
certain terrestrial regions [ 7 ] ,  of the Moon [5] and Venus at 23 cm [ 8 ] ,  a good 
coincidence was revealed between the backscattering diagram and the theoretical 
dependence computed for the exponential autocorrelation function. 

Examining the reflection process of electromagnetic waves from a dielectric 
surface having an extended wavy relief of random profile, Hagfors [9] found that 
if the average curvature of slopes is not too great, the bacscattering diagram 
in case of exponential autocorrelation must have the form 

where Q is the angle between the incident ray and the normal to the sphere, i.e. 
mean planet surface at the given point, and 2 c = (?.io/ 4xo ,x )2 .  
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T h i s  formula  i s  v a l i d  f o r  angles n o t t c c  l a r g e ,  s ince no account  w a s  t aken  
of t h e  mutual  shadowing o f  r e f l e c t i n g  e l emen t s  when t h e  c o n c l u s i o n  w a s  d e r i -  
ved. I ts  nonaccount ing  r e s u l t s  i n  t h a t  t h e  f u n c t i o n  does  n o t  become z e r o  as 
4 -+ T l 2 .  

The i n t e n s i t y  o f  s p e c u l a r  r e f l e c t i o n  d e c r e a s e s  r a p i d l y  i n  t h e  d i r e c t i o n  
toward t h e  l imb,  where t h e  p r o b a b i l i t y  of  r a y  encoun te r  a t  r i g h t  a n g l e  w i t h  a 
s u f f i c i e n t l y  ex tended  element  o f  t he  s u r f a c e  i s  s m a l l .  Near t h e  l imb t h e  cha-  
racter  of  r e f l e c t i o n  changes [5,  101 and radiowave s c a t t e r i n g  beg ins  t o  p r e v a i l  
on e lements  o f  t h e  s u r f a c e ,  whose dimensions are commensurate w i t h  t h e  wave- 
l e n g t h ,  which induces  a " d i f f u s i v e  r e f i e c t i o n " .  I n  t h i s  case, the S a c k s c a t t e r -  
i n g  diagram may b e  d e s c r i b e d  by t h e  dependence 

In  s u r f a c e  photometry,  parameter  ( 0 -  1 )  b e a r s  t h e  name of smoothness 
f a c t o r  [ll]. T h i s  dependence d e s c r i b e s  f a i r l y  w e l l  t h e  b a c k s c a t t e r i n g  f o r  nume- 
r o u s  t y p e s  of rough s u r f a c e s  o f t e n  encountered  i n  o p t i c s .  Thus,  f o r  o r t  o t r o p i c  
s c a t t e r i n g ,  which i s  d e s c r i b e d  by Lambert l a w ,  O = ;  2, and f o r  s c a t t e r i n g ,  a t  
which s u r f a c e  b r i g h t n e s s  i s  n o t  dependent on t h e  a n g l e  $I 6 = i. The l as t  t y p e  
o f  s c a t t e r i n g  may be  observed on t h e  Moon d u r i n g  fu l lmoon,  when t h e  b r i g h t n e s s  
o f  any d e t a i l  of  t h e  l u n a r  d i s k  i s  de te rmined  o n l y  by t h e  r e f l e c t i v i t y  of the 
matter a t  t h e  g iven  s p o t  [ 1 2 ] .  

3. De te rmina t ion  of  t h e  B a c k s c a t t e r i n g  Diagram from Energy D i s t r i b u t i o n  
o v e r  D i s t a n c e .  L e t  us  admi t  that  f o r  a n  emis s ion  of spec i f ic  wavelength t h e  en -  
t i r e  s u r f a c e  of t h e  v i s i b l e  hemisphere o f  t h e  p l a n e t  c o n s t i t u t e s  s t a t i s t i c a l l y  
uniform s t r u c t u r e  and h a s  i d e n t i c a l  e l ec t r i ca l  p r o p e r t i e s .  W e  may then  e s t a b l i s h  
t h a t  t h e  energy  d i s t r i b u t i o n  of  a r e f l e c t e d  s i g n a l  ove r  d i s t a n c e  P(y)  and t h e  
b a c k s c a t t e r i n g  diagram P ( @ )  must be l i n k e d  by t h e  r e l a t i o n  

where y i s  t h e  d i s t a n c e  counted a long  t h e  v i s u a l  r a y  from a p o i n t  of t h e  p l a n e t  
n e a r e s t  t o  o b s e r v e r  (from t h e  c e n t e r  of t h e  v i s i b l e  d i s k )  and expressed  i n  p la -  
n e t a r y  r a d i i .  The l i n e s  of equa l  d i s t a n c e  form i n  p r o j e c t i o n  on t h e  d i s k  con- 
c e n t r i c  c i r cumfe rences .  

With t h e  a i d  of r e l a t i o n  (5) one may compute t h e  expec ted  d i s t r i b u t i o n  P(y)  
f o r  t h e  a forement ioned  models,  and, v a r y i n g  t h e  pa rame te r s  de t e rmin ing  t h e  i n i -  
t i a l  depedence P ( + ) , o b t a i n  t h e  b e s t  p o s s i b l e  agreement  w i t h  expe r imen ta l  d a t a .  

I n  t h e  case when t h e  s p a t i a l  c o r r e l a t i o n  o f  a l t i t u d e s  is  g iven  by a n  expo- 
n e n t i a l  f u n c t i o n ,  w e  s h a l l  u t i l i z e  f o r  t h e  approximat ion  of  t h e  s p e c u l a r  compo- 
n e n t  of t h e  b a c k s c a t t e r i n g  diagram, i n s t e a d  of  r e l a t i o n  ( 3 ) ,  t h e  more s i m p l e  one 

P ,  ( c p )  z= (1 -k c sin? q)  -?>. ( 6 )  



4 

For great values of parameter C that take place for Venus and the Moon, 
both relations lead to a sufficiently close result (*). 

Substituting relation (6) into Eq.(5), we obtain 

P&) = [1+cy(2-g)]-3;?. (7)  

Hence follows directly that the quantities [P3(y)]-"3 and y(2 - y) are 
linked among themselves by a linear dependence. If relation (6) is sufficient- 
ly fully describing the backscattering diagram of Venus, the points of t h e  ob- 
served distribution in the [P3(y)]-"3 and y(2 - y) system of coordinates must 
lie on a straight line, of which the inclination is determined by parameter C. 

The distribution of energy of Venus' reflected signals by range in the 
40 cm wavelength was obtained in 1964 [l] for annular zones within the limits 
of one-third of planet's radius (**). 
Fig.1 by circles, using the aforementioned coordinates. The distribution for 
the area of planet's surface, nearest to Earth, which was obtained with higher 
resolution (to of Venus' radius), is plotted separately by squares. 

This distribution is represented in 

/{!A/ *b 
0 0005 001 0015 002 OD25 

b 

5 

* 

3 

2 

I 

1 7 1  0 2  0 3  04 05 06 ' 

y (2- y) 

Fig.1 Linearization of the specular 
component in the distribution of ener- 
gy of reflected signals by range. 
Circles correspond to annular zones 
distant from planet's point closest to 
observer by a depth of 0.5 R ; squares 
indicate separately the dat i for the 

initial portion of surface 

Fig.2. Energy distribution of 
reflected signal by range [l] 
and approximating curves at ex- 
ponential (solid line, C = 165) 
and Gaussian (dashes) autocor- 
relation function of altitudes. 

(>k) At $ = 0, P 3 ( 0 )  = 1 in both cases; at @ = ~ / 2  we have Z',(x'?)= C-% (3), 
P 3 ( x / 2 )  - (C - i  1) ': (6).  The maximum difference taking place when siriv M 1 2 / C ,  
a t  C = 100 does not exceed 2.6 percent. (**) This region occupies a part of 
the visible disk with dimension of 3 / 4  of the diameter. 

-. 
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A s  may be  s e e n  from t h e  drawing, t h e  expe r imen ta l  p o i n t s  are r a t h e r  w e l l  
c o n c e n t r a t e d  n e a r  t h e  cor responding  s t r a i g h t  l i n e s .  
y i e l d  somewhat d i f f e r e n t  v a l u e s  of parameter  C ,  of  165  as an  ave rage .  
x imat ing  cu rve  f o r  t h i s  v a l u e  o f  C i s  shown i n  F i g . 2  a l o n g s i d e  w i t h  t h e  expe r i -  
menta l  p o i n t s .  

Both groups of  measurements 
The appro- 

Fot t h e  c a s e  when t h e  s p a t i a l  c o r r e l a t i o n  o f  a l t i t u d e s  is  de termined  by a 
Gauss ian  f u n c t i o n  ( s e e  ( Z ) ) ,  Hagfors [ 9 ]  o b t a i n e d  

where 

From r e l a t i o n s  (5)  and (8) we f i n d  

The t a k i n g  of  l o g a r i t h m  from t h i s  e q u a l i t y  a s c e r t a i n s  t h e  d i r e c t  propor-  
t i o n a l i t y  between l o g  n [(l - Y ) ~ P ,  ( y ) ]  and 
f a c t D r  i s  B. 

[l - Y ) - ~ ] ;  t h e  p r o p o r t i o n a l i t y  

A s  w a s  found,  t h e  u t i l i z a t i o n  o f  Gaussian f u n c t i o n  must y i e l d  a s i g n i f i -  
c a n t l y  worse r e s u l t  by comparison wi th  t h e  e x p o n e n t i a l  f u n c t i o n .  

-14 0 

0 

0 

F i g .  3 .  I , i n e a r i l z a t i o n  of t h e  s p e c u l a r  F ig .4 .  Doppler spec t rum of 
component i n  t h e  spec t rum o f  t h e  r e f l e c t -  a s i g n a l  r e f l e c t e d  by Venus [2 ]  
ed  s i g n a l .  C i r c l e s  cor respond t o  t h e  and t h e  approximat ing  curve  
"approaching"  h a l f  of  Venus' d i s k  and C = 130 
s q u a r e s  t o  t h a t  " d r i f t i n g  away;; 



I I . 

6 

Plotted by dashes in Fig.2 is the approximation curve which represents 
satisfactorily the experimental points at medium ranges, diverging at the be- 
ginning and at the end of the graph. Varying B, it is possible to obtain a 
coincidence for small and great values of y, but for the remainder of the points 
the divergence will then be still greater. 

The investigation of the diffusive component on the basis of the distribu- 
tion of P(y), brought out in [l], could not be conducted because specular re- 
flection prevails in those zones for which such a distribution is obtained. 

4 .  Determination of t h e  Sackscattering Diagram hy the Doppler Spectrum. 
For a uniform sphere it follows from geometrical correlations tiiat the Doppler 
spectrum of reflected signals P(x) and the backscattering diagram P($) are 
linked with a precision to a constant multiplier by the relation 

where - x is the Doppler frequency shift, related to the maximum value. 

The lines of constant Doppler shift, conditioned by planet rotation, form 
on the latter's disk a network of straight parallel projection of visible ro- 
tation axis on the disk. The value of the Doppler shift is proportional to 
the distance of the given part of the disk to the projection axis. Parameter 5 
expresses these distances in planet's radii. 

Substituting into Eq.  (10) the approximate relation ( 6 )  describing the spe- 
cular component of the backscattering diagram in the case when the spatial alti- 
tude correlation is assigned by the exponent, and performing integration, we 
shall obtain 

E 
I),(") = -- I 1- cx2'  

Tho modulus of the total elliptical integral of  2nd kind is 

For great C,  for which relations ( 6 )  and (11) are valid, the dependence P(x) 
is determined mainly by the denominator; the numerator increases monotonically 
from 1 to T T / ~  as x varies from 0 to 1. 

It follows directly from relation (11) that now a linear dependence must 
exist between the quantities E / P 3  (x) and xL . The inclination of tne correspondiug 
straight line is also determined here by parameter C .  
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A s  may be s e e n  from F i g . 3 ,  i n  t h e  i n d i c a t e d  system of  c o o r d i n a t e s  t h e  
Doppler spec t rum of Venus-ref lected s i g n a l s ,  brought  o u t  i n  t h e  work [ 2 ] ,  
s a t i s f i e s  a s t r a i g h t  l i n e  w i t h  a n g u l a r  c o e f f i c i e n t  C = 130. The e x p e r i m e n t a l  
p o i n t s  are s c a t t e r e d  n e a r  t h a t  l i n e  i n  a random f a s h i o n  and do n o t  show regu- 
l a r  d e v i a t i o n s .  

The averaged spectrum of Venus-ref lected s i g n a l  i s  p l o t t e d  i n  F i g . 4 ,  a long-  

Q 

F i g . 5 .  L i n e a r l i z a r i o n  of t h e  d i f -  
f u s i v e  component of  Venus-ref lected 

- 

s i d e  w i t h  t h e  t h e o r e t i c a l  dependence ap- 
proximat ing  t h e  s p e c u l a r  component, and i t  
i s  p l o t t e d  i n  p o l y l o g a r i t h  i c  scale a t  C = 
= 130. The d i s c r e p a n c y  between t h e  appro- 
x imat ing  curve  and t h e  e x p e r i m e n t a l  p o i n t s  
a t  t h e  c e n t e r  may b e  e x p l a i n e d  by t h e  in-  
s u f f i c i e n t  r e s o l u t i o n  a t  harmonic a n a l y s i s  
which r e s u l t s  i n  t h e  smoothing o u t  of t h e  
t h e  c e n t r a l  peak. 

T h e r e f o r e  t h e  d i s t r i b u t i o n  of energy  
by range and t h e  Doppler spec t rum of re- 
f l e c t e d  s i g n a l s  g i v e  a somewhat d i f f e r e n t  
v a l u e  of parameter  C*) .  More r e l i a b l e  must 
a p p a r e n t l y  be t h e  v a l u e  of  C o b t a i n e d  from 
energy d i s t r i b u t i o n  by r a n g e ,  which h a s  a 
h i g h  degree  of  r e s o l u t i o n .  It is  p r o b a b l e  
t h a t  an irnprovr:! r e s o l u t i o n  Is l i k e l y  t o  
r e s u l t  i n  t h e  d e c r e a s e  of d i s c r e p a n c y  a t  
harmonic a n a l y s i s .  

The Doppler spectrum o f  t h e  d i f f u -  
s i o n  component, cor responding  t o  t h e  de- 
pendence ( 4 ) ,  can be computed w i t h o u t  
r e s o r t i n g  t o  i n t e g r a t i o n  ( s e e  ( 1 0 ) ) :  

s i g n a l ,  s e p a r a t e l y  f o r  t h e  "approach- 

( s q u a r e s  h a l v e s  of p l a n e t ' s  d i s k .  
The scale  a l o n g  t h e  o r d i n a t e  a x i s  The t a k i n g  of  l o g a r i t h m  of  t h i s  re- 
and t h e  o r i g i n  of t h e  count  are t h e  l a t i o n  w i l l  a l l o w  u s  t o  d e t e c t  t h e  l i n e a r  

same as i n  F ig .4  dependence between l o g  P , ( x )  b l o g ( 1  - x  ) 
w i t h  t h e  a n g u l a r  c o e f f i c i e n t $ - 1  The expe- 

r i m e n t a l  spec t rum i s  p l o t t e d  i n  F i g .  5 i n  t h e s e  c o o r d i n a t e s .  The p o i n t s  n e a r e s t  
tile l i m b  cor respond t o  dependence (12) when parameter  17 v a r i e s  from 1 t o  2 .  
Because of the low l e v e l  of  t h e  d i f f u s i v e  component, a more s p e c i f i c  c o n c l u s i o n  
i s  d i f f i c u l t  t o  draw. 

ing"  ( c i r c l e s )  and " d r i f t i n g  away'' Pn(5)  = (1 - z2)*/2.  (12) 

2 

' I n s t ,  of Kadio Engineer ing  and E l e c t r o n i c s  
of t h e  USSR Academy of Sc iences  

Manuscript  r e c e i v e d  
on 2 March 1967 

... References  f o l l o w  .../ 
(*) see t h i s  i n f r a p a g i n a l  n o t e  on n e x t  page. 
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(*I [From page 7.1 This discrepancy cannot be explained by the differ- 
ence in the reflecting properties of Venus' surface. Basic measurements of ener- 
gy distribution of reflected signals by range within the bounds of l/R$ were 
conducted in the course of 2 days (11 and 12 June 1964); the spectral measu- 
rements were performed on 12 June. In the course of 24 hours the longitude of 
the central meridian of Venus, which has a very slow rotation (according to 
radar observations, the sidereal period of Venus constitutes 250 days at in- 
verse rotation [ 4 ,  101) could have changed by no more than lo, and, consequently, 

hen!isphere,  i .  e. the same Venus' hemisphere was facing the Earth during the 
entire measurement period. 

during measurements the planet was turned toward the Earth by one and the same - 


